The mechanisms that determine full recovery versus subsequent progressive CKD after AKI are largely unknown. Because macrophages regulate inflammation as well as epithelial recovery, we investigated whether macrophage activation influences AKI outcomes. IL-1 receptor-associated kinase-M (IRAK-M) is a macrophage-specific inhibitor of Toll-like receptor (TLR) and IL-1 receptor signaling that prevents polarization toward a proinflammatory phenotype. In postischemic kidneys of wild-type mice, IRAK-M expression increased for 3 weeks after AKI and declined thereafter. However, genetic depletion of IRAK-M did not affect immunopathology and renal dysfunction during early postischemic AKI. Regarding long-term outcomes, wild-type kidneys regenerated completely within 5 weeks after AKI. In contrast, IRAK-M 2/2 kidneys progressively lost up to two-thirds of their original mass due to tubule loss, leaving atubular glomeruli and interstitial scarring. Moreover, M1 macrophages accumulated in the renal interstitial compartment, coincident with increased expression of proinflammatory cytokines and chemokines. Injection of bacterial CpG DNA induced the same effects in wild-type mice, and TNF-a blockade with etanercept partially prevented renal atrophy in IRAK-M 2/2 mice. These results suggest that IRAK-M induction during the healing phase of AKI supports the resolution of M1 macrophage-and TNF-a-dependent renal inflammation, allowing structural regeneration and functional recovery of the injured kidney. Conversely, IRAK-M loss-of-function mutations or transient exposure to bacterial DNA may drive persistent inflammatory mononuclear phagocyte infiltrates, which impair kidney regeneration and promote CKD. Overall, these results support a novel role for IRAK-M in the regulation of wound healing and tissue regeneration.
As first described in 1967 1 , AKI is now considered a predictor of subsequent CKD; however, the pathophysiologic mechanisms underlying this association remain largely unknown. [2] [3] [4] [5] Ideally, 100% of nephrons regain their structural integrity and the functional capacity they had before AKI. However, assessing structural recovery is hardly feasible in clinical practice and assessing functional recovery by serum creatinine levels or GFR estimations is impossible, because any loss up to 40%-50% can be missed due to the lack of parameter sensitivity. [6] [7] [8] Thus, the clinical observation that AKI is often followed by CKD could simply result from incomplete AKI recovery, implying that AKI episodes involve some irreversible loss of nephrons due to insufficient repair.
What mechanisms regulate renal repair upon AKI? Whereas the limited capacity for podocyte regeneration (in adults) often limits glomerular repair, AKI usually involves tubular injury, which has a higher regenerative capacity. 9, 10 There is accumulating experimental evidence that the associated immune response is an important determinant of AKI outcomes. 11 During the injury phase, necrotic tubules release molecules (e.g., histones or high-mobility group protein B1) that activate Toll-like receptors (TLRs) and inflammasomes on interstitial mononuclear phagocytes to trigger the secretion of proinflammatory cytokines and chemokines. [12] [13] [14] [15] [16] [17] Chemokines guide neutrophils and proinflammatory (M1 or classically activated) macrophages to enter the site of injury, 18 which largely account for the extent of tubular necrosis and thereby determine the extent of AKI. 19 The rapid apoptosis of the neutrophils changes the local microenvironment and phagocytic uptake of apoptotic neutrophils induces a functional switch of the macrophages toward an anti-inflammatory (M2 or alternatively activated) phenotype. 19, 20 This macrophage phenotype not only supports the resolution of postischemic renal inflammation but also actively promotes healing (i.e., tubular repair). [21] [22] [23] In fact, regenerative tubular epithelial cell proliferation starts as early as 3 hours after tubular injury; however, the resolution of renal inflammation seems to be mandatory to shift the balance of tubular repair and ongoing injury toward structural and functional tubular recovery, [24] [25] [26] similar to wound healing in general. 27 Therefore, factors that regulate macrophage phenotypes might determine AKI recovery and long-term outcomes. 21, 28 The IL-1 receptor-associated kinases (IRAKs) are important regulators of macrophage phenotype polarization because they are involved in the IL-1R/TLR/Myd88-dependent activation of NF-kB. 29 IRAK-4-mediated TNF receptorassociated factor 6 phosphorylation is an essential step of this signaling pathway, 30 which is inhibited selectively in monocytes and macrophages by IRAK-M. 31 This way, the delayed induction of IRAK-M deactivates classically activated macrophages, which contributes to endotoxin tolerance in vitro, resolution of inflammation in vivo, compensatory anti-inflammatory response syndrome during advanced sepsis, and immunosuppressive tumor environments, as well as limits autoimmune tissue injury. [31] [32] [33] [34] [35] [36] [37] [38] [39] IRAK-M-mediated deactivation of proinflammatory macrophages also limits immunopathology during infections as well as osteoclast-driven osteoporosis. 36, 40 We speculated that IRAK-M-mediated deactivation of proinflammatory mononuclear phagocytes is required for the resolution of renal inflammation to allow structural and functional tubular reconstitution as a determinant of longterm outcomes upon AKI. We used IRAK-M-deficient mice and long-term follow-up upon postischemic AKI to address this concept.
RESULTS

IRAK-M Expression Increases in the Postischemic
Kidney but Does Not Contribute to Early AKI We first studied IRAK-M mRNA expression in solid organs of healthy adult female C57BL/6 mice, which revealed high IRAK-M baseline expression in the kidney among other organs such as the urinary bladder, heart, muscle, skin, and spleen ( Figure 1A ). We next determined whether IRAK-M is present in immune or nonimmune cells in the kidney of healthy adult mice. IRAK-M mRNA was absent in nonactivated cells; however, LPS stimulation induced IRAK-M only in CD11b + myeloid cells as well as in a murine macrophage cell line (J774) ( Figure 1B ). To determine whether oxidative stress is another trigger for IRAK-M expression, we exposed primary mouse kidney CD11b
+ myeloid cells to the reactive oxygen species donor hypoxanthine/xanthine oxidase. A rapid increase in heat shock protein 70 expression, which served as a positive control for oxidative cell stress, was observed, whereas IRAK-M mRNA levels increased somewhat only after 24 hours ( Figure 1C) . To determine the role of IRAK-M in the acute phase of kidney injury, groups of sex-matched IRAK-M 2/2 and IRAK-M +/+ mice underwent unilateral clamping of the renal pedicle for 45 minutes before kidneys were harvested at 1, 5, and 10 days after surgery. Surgery did not induce IRAK-M mRNA levels in sham kidneys, whereas they were significantly elevated at all time points in the postischemic kidney ( Figure  1D ). Renal cell suspensions taken at day 1 revealed that the induction of IRAK-M mRNA expression originated selectively from CD11b + immune cells and not from CD11b 2 renal parenchymal cells ( Figure 1E ). Postoperative injection of antioxidants suppressed heat shock protein 70 but not IRAK-M mRNA ( Figure 1E ), excluding oxidative stress as a direct trigger for IRAK-M induction. Importantly, lack of IRAK-M did not affect AKI upon bilateral renal artery clamping as evidenced by serum creatinine and urea, proinflammatory cytokine expression, tubular injury scores, and intrarenal neutrophil and macrophage accumulation at 24 hours (Supplemental Figure 1) . Baseline serum creatinine levels did not differ between wildtype and IRAK-M-deficient mice (data not shown). Thus, IRAK-M is specifically induced in renal immune cells of the postischemic kidney. This, however, did not affect renal inflammation, immunopathology, and renal dysfunction during postischemic AKI.
Up to 45 Minutes of Unilateral Renal Pedicle Clamping Allows Full AKI Recovery
The lack of phenotype of IRAK-M 2/2 mice in early AKI allowed us to study the role of IRAK-M in renal regeneration versus progression to CKD. First we searched to identify an ischemia time that still allows full AKI recovery. Although unilateral kidney ischemia times of 90 or 120 minutes resulted in kidney atrophy and compensatory hypertrophy of the contralateral kidney 5 weeks later, renal sizes remained unchanged and kidney injury markers were absent (suggesting full structural recovery) 5 weeks after #45 minutes of ischemia (Supplemental Figure 2 ). Shrunken kidneys upon 90 or 120 minutes of ischemia displayed severe tubular atrophy and interstitial fibrosis (not shown), consistent with increased renal mRNA expression levels of the tubular injury marker neutrophil gelatinase-associated lipocalin, the proinflammatory and proapoptotic cytokine TNF-a, and the profibrotic mediators TGF-b and connective tissue growth factor (Supplemental Figure  2) . Because all of these parameters remained unaffected 5 weeks after AKI, we used 45 minutes of ischemia time in all further experiments.
Lack of IRAK-M Leads to Tubular Atrophy Instead of Tubular Repair upon AKI We speculated that IRAK-M would have a functional role, if not in the early phase of AKI, then during subsequent healing and recovery. In fact, the maximum of intrarenal IRAK-M induction was found 3 weeks after 45 minutes of unilateral renal pedicle clamping ( Figure 2A ). In contrast to full AKI recovery of wild-type mice, kidneys of IRAK-M-deficient mice displayed a progressive loss of kidney weight, mirrored by compensatory hypertrophy of the contralateral kidney as determined 3, 5, 7, and 10 weeks after AKI (Figure 2 , B and C). This largely resulted from a loss of tubules as evidenced by staining and digital morphometry for Lotus tetragonobulus lectin after 5 weeks, especially when referred to the remaining kidney mass (Figure 2 , D and E). This was consistent with significantly reduced E-cadherin mRNA expression levels at 3, 5, and 10 weeks after postischemic AKI ( Figure 3A) . A significant reduction of bromodeoxyuridine-positive/E-cadherinpositive tubular epithelial cells (TECs) suggested a lack of regenerative epithelial cell proliferation as one causal element of tubular atrophy at 5 weeks ( Figure 3B ). Another morphologic hallmark of atrophic kidneys in IRAK-M 2/2 mice was the increased cortical density of glomeruli at 5 weeks ( Figure 3C ), which were confirmed to largely represent atubular glomeruli on serial sections stained with L. tetragonobulus lectin to identify the anatomy of the glomerular-tubular junction ( Figure 3D ). This was further confirmed by microdissecting nephrons from IRAK-M-deficient atrophic kidneys, which displayed all stages of degeneration of the glomerulartubular junction ( Figure 3E ). IRAK-M is needed to prevent progressive tubular atrophy and the formation of atubular glomeruli in the recovery phase of postischemic AKI. Tubular Atrophy in IRAK-M 2/2 Mice Is Associated with Interstitial Fibrosis CKD upon AKI is usually characterized not only by tubular atrophy but also by interstitial fibrosis (i.e., progressive accumulation of extracellular matrix produced mostly by interstitial myofibroblasts). 41, 42 We quantified this process by smooth muscle actin and Masson trichrome staining. Lack of IRAK-M was associated with a significant increase in interstitial fibrosis 5 weeks after renal pedicle clamping ( Figure 4A ). This was consistent with increased mRNA expression levels of fibrosis markers such as laminin, fibronectin, collagen I, collagen IVa1, and fibroblast-specific protein 1 (FSP-1) in postischemic kidneys of IRAK-deficient mice compared with kidneys from wild-type control mice ( Figure 4B ). In addition, we determined the mRNA expression levels of the profibrotic factors TGF-b and connective tissue growth factor, proinflammatory TNF-a, and the tubular injury marker neutrophil gelatinase-associated lipocalin at three different time points. Their expression levels all progressively increased over time in IRAK-M-deficient versus wild-type postischemic kidneys ( Figure 4C ). IRAK-M is needed to prevent not only tubular atrophy and atubular glomeruli formation during the recovery phase of postischemic AKI but also the associated progressive interstitial inflammation and fibrosis.
Lack of IRAK-M Is Associated with Persistent Proinflammatory Macrophage Infiltrates in the Postischemic Kidney
Because IRAK-M was selectively induced in mononuclear phagocytes of the postischemic kidney, we carefully characterized these cells in kidneys of both genotypes by F4/80 immunostaining and flow cytometry. F4/80 + macrophage infiltrates were almost absent in wild-type kidneys 5 weeks after renal pedicle clamping. In contrast, these cells were massively increased in the renal interstitial compartment of IRAK-M 2/2 mice starting from 3 weeks after renal pedicle clamping ( Figure  5A and Supplemental Figure 3 ). This was consistent with increased renal mRNA expression levels of proinflammatory cytokines/chemokines such as TNF-a, chemokine (C-C motif) ligand 2, and C-X-C motif chemokine 10 ( Figure 5B ), all known to be released by activated proinflammatory macrophages. 43 To confirm this, we performed quantitative flow cytometry of renal cell suspensions from kidneys of both genotypes 5 weeks after renal pedicle clamping. IRAK-M-deficient mice showed a significantly increased number of CD45 + and CD11b + cells ( Figure  5C ). To test for their activation state, we quantified Ly6C h -positive or TNF-a-positive CD11b cells because these populations mostly represent the classically activated proinflammatory mononuclear phagocyte phenotype. IRAK-M-deficient mice displayed significantly increased numbers of intrarenal Ly6C hi -positive cells compared with wild-type control kidneys ( Figure 5C ). This was consistent with increased mRNA expression levels of M1-dependent genes at 3 weeks ( Figure 5D ). For example, M1 marker inducible nitric oxide synthase (but not M2 marker Arg1) was increased starting from 3 weeks after pedicle clamping (Supplemental Figure 3) , which was consistent with the aforementioned increase in renal macrophage infiltrates. Furthermore, IRAK-M-deficient macrophages produced significantly higher amounts of TNF-a and lower amounts of IL-10 upon stimulation with LPS ( Figure 5E ). In addition, coculture experiments demonstrated that IRAK-M-deficient macrophages have a higher potential to kill tubular cells, whereas the tubular cell genotype does not affect these results (Supplemental Figure  4) . The effect of IRAK-M deficiency on chronic AKI outcome could also be mimicked by injections of the TLR9 ligand CpG DNA, which specifically activates macrophages toward the M1 phenotype 44 (Supplemental Figure 5) . In IRAK-M-deficient mice, AKI is followed by tubular atrophy in association with a persistent intrarenal accumulation of classically activated mononuclear phagocytes that express proinflammatory and proapoptotic mediators, including TNF-a. A similar effect is seen upon injection of a TLR9 agonist, known to activate renal macrophages in vivo toward an M1 phenotype.
TNF-a Blockade Partially Prevents CKD upon AKI in IRAK-M-Deficient Mice
The CKD phenotype of IRAK-M-deficient mice was linked to activated mononuclear phagocytes that produce TNF-a. Therefore, we wanted to validate their functional relevance for this phenotype by an interventional approach (e.g., by blocking TNF-a). We treated IRAK-M-deficient mice with the TNF-a antagonist etanercept every alternate day, starting from day 5 ( Figure 6A ). Etanercept significantly prevented loss of kidney mass of the postischemic kidney and the compensatory hypertrophy of the contralateral kidney ( Figure 6B ). Moreover, it reduced the amount of intrarenal F4/80 + macrophages ( Figure 6C ). This was associated with a significant protection from tubular atrophy (as evidenced by morphometry of the L. tetragonobulus lectin-positive area) and from renal fibrosis (as quantified by Masson trichrome staining) ( Figure  6C ).
Upon AKI, intrarenal mononuclear phagocytes need IRAK-M to suppress their persistent polarization into a proinflammatory phenotype. This way, IRAK-M prevents intrarenal secretion of proinflammatory and proapoptotic cytokines such as TNF-a, which promote subsequent tubular atrophy (i.e., CKD instead of full recovery from AKI).
DISCUSSION
We speculated that IRAK-M-mediated suppression of inflammatory mononuclear phagocytes would be required for the resolution of renal inflammation to allow full recovery of AKI. Our studies using IRAK-M-deficient mice confirm this concept and further demonstrate that the persistence of inflammatory renal mononuclear phagocytes is sufficient to compromise kidney regeneration and cause progressive CKD instead. These findings modify several of the current concepts about AKI and CKD. First, effective kidney regeneration requires the resolution of inflammation. Second, resolving renal inflammation is an active, not passive, process that depends on the induction of genes like IRAK-M that deactivate proinflammatory mononuclear phagocytes. Third, our data argue against the role of alternatively activated (M2) macrophage-mediated renal fibrosis to cause CKD. CKD rather results first from persistent inflammation-driven tubular atrophy. Fourth, kidney shrinkage in CKD upon AKI resulted predominately from the loss of tubules, not from the loss of glomeruli or from excessive interstitial fibrosis. This observation is in line with several other recently published studies that altogether question the dogma of (M2 macrophagedriven) renal fibrosis being a cause of CKD. 24, 45, 46 Fifth, a single macrophage gene defect was sufficient to turn full AKI recovery into progressive CKD, which implicates that genetic factors determine long-term outcomes of AKI. Sixth, this is the first report to document a role of IRAK-M in wound healing or tissue regeneration. Finally, transient CpG DNA exposure, a synthetic mimic of bacterial DNA, had the same effect, suggesting that environmental factors like infections can affect long-term outcomes of AKI.
IRAK-M is an intracellular signaling molecule that suppresses the nonredundant proinflammatory effects of other IRAKs of the IL-1R/TLR signaling cascade. 31 IRAK-M-deficient mice display several characteristics that relate to a shift toward the classically activated proinflammatory mononuclear phagocyte phenotype, including the lack of endotoxin tolerance or the development of activated osteoclast-related osteoporosis, respectively. 36, 38 Upon TLR activation, IRAK-M expression is induced with some delay to the proinflammatory mediators for the subsequent inhibition of the inflammatory response. 38 This mononuclear phagocyte deactivation is an essential element of the phenomenon of endotoxin tolerance in vitro as well as the compensatory anti-inflammatory response Representative images are shown for both genotypes. The quantitative analyses are performed using image software as described in Concise Methods and are expressed as means 6 SEM of positivity per high-power field. **P,0.01; ***P,0.001 versus wildtype mice of the same time point. (B and C) Total RNA is extracted from ischemic (IR, white bars) and contralateral (Co, black bars) kidneys of IRAK-M-deficient or wild-type mice at 5 weeks (B) and at different time points (C); mRNA expression levels are determined for the indicated targets by real-time RT-PCR. Data are expressed as mean of the ratio versus the respective 18s rRNA level 6 SEM.
# P,0.05; ## P,0.01; ### P,0.001 versus contralateral kidneys (B); and *P,0.05 versus wild-type kidneys of the same time point (C), respectively. a-SMA, a-smooth muscle actin; WT, wild-type; FSP-1, fibroblast-specific protein 1; CTFG, connective tissue growth factor; NGAL, neutrophil gelatinase-associated lipocalin. Original magnification, 350. syndrome during human sepsis. 38 The same resolution of inflammation is also needed in transient sterile injuries to allow tissue recovery by (epithelial) regeneration. We previously showed that single Ig and Toll-IL-1 receptor and IFN regulatory factor 4 IRF4, two other negative regulators of IL-1R/TLR signaling, limit the early injury phase of postischemic AKI [47] [48] [49] ; however, these factors are expressed predominately by renal dendritic cells that orchestrate the early injury phase of AKI. 19 In contrast, IRAK-M is predominately expressed by macrophages that recruit to the kidney only later and significantly contribute to the healing phase of AKI. 19, 21, 22 In the healing phase, anti-inflammatory macrophages predominate because they are needed to remove cell debris and to enforce the resolution of inflammation as well as epithelial regeneration. 20, 21 Lack of IRAK-M seems to maintain a proinflammatory mononuclear phagocyte phenotype, which is obviously sufficient to compromise epithelial repair, a phenomenon previously demonstrated in skin wounding. 27, 50 Lack of rapid epithelial regeneration subsequently activates mesenchymal healing (i.e., fibrosis), 24 which results in defective repair but no longer in regeneration, a common characteristic of tissue remodeling in CKD. 9, 41, 42, 51, 52 Since Mantovani et al. introduced macrophage polarization based on in vitro studies in 2004, 43 renal scientists have favored the concept that proinflammatory and regulatory macrophages both contribute to poor outcomes in kidney disease. 52 Although the role of inflammatory macrophages for immunopathology in AKI and CKD was clear, the role of other macrophage phenotypes was less certain. Alternatively activated macrophages produce anti-inflammatory as well as profibrotic factors, which help the resolution of inflammation but also promote tissue fibrosis. We prefer the view of the tissue's attempt to regain homeostasis upon injury and that the tissue recruits macrophages to support either regeneration or repair to regain homeostasis as well as possible. 51, 53 As such, immunoregulatory macrophages have an important role in resolving inflammation and supporting regeneration 21 or, if not possible, at least repair, which implies mesenchymal healing to stabilize the tissue. Here we show that lack of IRAK-M or bacterial DNA exposure leads to persistence of inflammatory mononuclear phagocytes that promote persistent inflammation, subsequent tubular atrophy, and scarring, which display macroscopically as shrunken kidneys. This, in turn, implies that immunoregulatory macrophages are needed for recovery, and their association with renal fibrosis rather indicates their insufficient capacity to always promote sufficient epithelial repair, a concept supported by studies from several other groups. [20] [21] [22] 45, 46, 54 We conclude that IRAK-M deficiency is sufficient to turn AKI recovery into progressive CKD, because IRAK-M is needed to suppress persistent macrophage-related renal inflammation. This implies the following: (1) kidney regeneration first requires the resolution of renal inflammation; (2) resolution of kidney inflammation is an active, not passive, process; (3) alternatively activated mononuclear phagocytes support epithelial regeneration; (4) kidney shrinkage in CKD upon AKI mostly results from the loss of tubules; (5) genetic and environmental factors can negatively affect long-term outcomes of AKI by modulating renal mononuclear phagocyte activation state; and (6) IRAK-M contributes to tissue regeneration.
CONCISE METHODS
Animal Studies
IRAK-M-deficient mice were generated and backcrossed to the C57BL/6 strain (B6; Charles River Laboratories, Calco, Italy) to the F9 generation. Mice were housed in groups of five in filter top cages with unlimited access to food and water. Cages, nestlets, food, and water were sterilized by autoclaving before use. Groups of ageand sex-matched littermate mice (n=6-9) were anesthetized before renal pedicle clamping (unilateral, 45 minutes; bilateral, 30 minutes or 45 minutes) with a microaneurysm clamp via flank incisions (Medicon, Tuttlingen, Germany) as previously described. 55 Body temperature was maintained at 37°C throughout the procedure by placing the mice on a heating pad. After clamp removal, the kidney was inspected for restoration of blood flow evidenced by returning to its original color before closing the wound with standard sutures. To maintain fluid balance, all mice were supplemented with 1 ml of saline administered subcutaneously. The contralateral kidney was left untouched and used as a control (see Figure 1 ). For sham surgeries, the mice were kept under anesthesia and kidneys were examined without clamping the pedicles. Mice were euthanized 1, 5, 10, 15, 21, 35, 49, and 70 days after renal pedicle clamping and both kidneys were weighed and divided to be either snap frozen in liquid nitrogen, frozen in RNAlater, or fixed in 10% buffered formalin. For histologic assessment of renal fibrosis, immune cells infiltration and glomerular density slides were examined under a microscope and quantified by counting colorimetric areas using Adobe Photoshop software (Adobe, San Jose, CA) as previously described. 56 Groups of IRAK-M 2/2 and wild-type mice (n=7-15 per group) were unilaterally operated and maintained for 5 weeks before euthanasia. In further experiments, IRAK-M-deficient mice were injected intraperitoneally with 10 mg/kg of etanercept every second day starting from day 5. At age 4 weeks, groups of wild-type mice (n=8) began receiving 14 intraperitoneal injections of 100 ml of PBS or 40 mg of endotoxin-free CpG-phosphothioate oligonucleotide 1668 (59-TCGATGACGTTCCTGATGCT-39; TIB-Molbiol, Berlin, Germany) on alternate days starting from day 5. The cohorts were euthanized 35 days after ischemic injury. All experiments were performed according to the Guide for the Care and Use of Laboratory Animals and were approved by a governmental review board. BUN and serum creatinine levels were measured using a commercially available kit (DiaSys Diagnostic Systems, Holzheim, Germany).
Renal Cell Isolation
Kidneys were mechanically disrupted and incubated in 13 Hanks' balanced salt solution containing 1 mg/ml of collagenase type I and 0.1 mg/ml of deoxyribonuclease type I (Sigma-Aldrich, Steinheim, Germany) for 20 minutes at 37°C. After washes, tissues were incubated in 5 ml of 2 mM EDTA in Hanks' balanced salt solution (without calcium and magnesium) for 20 minutes at 37°C. The supernatant containing isolated cells was kept on ice; for a second enzyme step, the remaining pellet was incubated in 5 ml of 1 mg/ml collagenase I in Hanks' balanced salt solution for 20 minutes at 37°C. The suspension was subsequently passed through 19-and 27-gauge needles, and pooled with the first supernatant from the EDTA incubation. Cells were filtered through a 70-mm cell strainer (BD Biosciences, Heidelberg, Germany) and washed twice in PBS. All washing steps were performed in FACS buffer (PBS containing 0.2% of BSA and 0.1% of NaAzide). Renal leukocytes were characterized by using flow cytometry using a FACSCalibur machine (BD Biosciences). For some studies, renal CD11b + macrophages were isolated from renal cell suspensions by using microbead-conjugated antibodies (Miltenyi Biotech, Bergisch-Gladbach, Germany). Magnetic bead separation was done according to the manufacturer's instructions. M1/M2 expression pattern mRNA levels were determined by quantitative RT-PCR. Primary TECs were isolated from 6-week-old C57BL/6 wild-type mice. Kidney-cell suspensions were prepared by applying the mashed kidney onto 30-mm preseparation filters (Miltenyi Biotec). The cell suspension was incubated for 2 hours at 37°C and the nonadherent cells were harvested and applied to culture dishes coated with collagen I (Sigma-Aldrich, Taufkirchen, Germany) in predefined K1 medium. Mouse TECs were seeded (53105 cells/ml) in 10% FCS 1% 50,000 cells/ml DMEM medium on six-well plates and grown overnight to subconfluence. Purity was characterized by immunostaining with TEC surface markers E-cadherin and cytokeratin-7, and was determined to be .90%. For spleen monocytes, spleen single-cell suspension was prepared in Roswell Park Memorial Institute (RPMI) medium by passage through a 70-mm cell strainer. For purification of splenocytes, cells were centrifuged at 18003g for 5 minutes at 4°C. The pelleted cells were collected and flushed through a 30-mm filter. For further purification, the cell fraction was washed with RPMI, suspended into 0.155 M NH 4 CL and incubated for 15 minutes to lyse erythrocytes. Cells were washed twice, centrifuged, and suspended in the same medium at 1310 7 cells/ml, and plated into a six-well plate. The plate was incubated at 37°C for 45 minutes in a 5% CO 2 incubator. Nonadherent cells were then collected using warm RPMI (37°C). This step was repeated twice. Cells were treated with 2.5 mmol/L of hypoxanthine (Sigma-Aldrich) and 0.005 U/ml of xanthine oxidase (Sigma-Aldrich) serving as reactive oxygen species donors. Levels of mRNA were determined by quantitative RT-PCR. Bone marrow dendritic cells were prepared from wildtype mice and maintained in an RPMI conditioning medium containing 1 mg/ml of GM-CSF for 7 days in order to enrich the amount of myeloid cells. Ultrapure LPS (1 mg/ml) or CpG DNA (1 mg/ml) were used to stimulate 5310 6 cells in 12-well plates. TNF and IL-10 ELISAs were performed according to the manufacturers' protocols (OptEiA; BD Biosciences).
Histologic Evaluation
Kidneys were embedded in paraffin and 2-mm sections for periodic acid-Schiff staining and immunostaining was performed as described. Postischemic tubular injury was scored by assessing the percentage of tubules in the corticomedullary junction that displayed cell necrosis, loss of the brush border, cast formation, and tubular dilation as follows: 0, none; 1, #10%; 2, 11%-25%; 3, 26%-45%; 4, 46%-75%; and 5, .76%. The following primary antibodies were used for immunostaining: rat anti-F4/80 (1:50; Serotec, Oxford, UK) for detection of macrophages, and rat anti-mouse Ly-6B.2 for detection of neutrophils (1:50; Serotec). To quantify interstitial cells, five corticomedullary high-power fields (350) were digitally analyzed. Formalinfixed tissues were stained with Masson trichrome and anti-smooth muscle actin antibodies, as well as L. tetragonolobus lectin for detection of fibrosis and loss of tubular compartments, respectively.
RNA Preparation and Real-Time Quantitative RT-PCR
RT and real-time RT-PCR from total renal RNA were prepared as previously described. 57 The SYBR Green dye detection system was used for quantitative real-time PCR on a Light Cycler 480 (Roche, Mannheim, Germany). Gene-specific primers (300 nM; Metabion, Martinsried, Germany) were used as listed in Table 1 . Controls consisting of ddH2O were negative for target and housekeeper genes.
Flow Cytometry
To determine the effects of renal injury on macrophage deposition and phenotype, kidneys were harvested at day 15 postinjury. Single-cell suspensions were prepared for flow cytometry as previously described. 44 After centrifugation (7003g, 20 minutes, without brake), the mononuclear cell population (.90% CD45 + ) was removed carefully and washed with PBS. Cells were resuspended in 1 ml of PBS containing 0.5% of BSA and 0.2 mM of EDTA and incubated with antibodies against mouse CD45, Ly6c, TNF-a, and MHCII. All antibodies were obtained from BD Biosciences. Groups of mice were in vivo-labeled with bromodeoxyuridine according to the manufacturer protocol (BD Biosciences). Renal cells were stained for E-cadherin to assess the double-positive proliferating tubular cells. Cell numbers were counted and analyzed using flow cytometry (FACSCalibur; BD Biosciences). The total cell numbers and numbers of the different macrophage populations in every kidney were estimated using the counting beads.
Statistical Analyses
One-way ANOVA followed by a post hoc Bonferroni's test was used for multiple comparisons using GraphPad Prism software (version 4.03; GraphPad Software, Inc., La Jolla, CA). Single groups were compared by an unpaired two-tailed t test. Data were expressed as the mean 6 SEM. Statistical significance was assumed at a P value of , 0.05. 
